Various methods to transform Escherichia coli with plasmid DNA have been actively studied. Roughly speaking, these studies are classified into chemical and physical methods. As an intermediate methodology, utilization of natural chemical species is expected to be suitable for practical application. The CaCl 2 -treated competent cells of E. coli were transformed with synthetic liposome-entrapped plasmids under protection from nuclease digestion. 1) Recently, the electrocompetent E. coli cells 2) were transformed using the chemical reagent DOTAP, N-[1-(2,3-dioleoyloxy)propyl]-N,N,Ntrimethylammonium methylsulfate, in addition to liposome-mediated transformation of archaea of Methanosarcinia acetivorans.
3) These data were based on the employment of artificial regent and treatment, and the molecular mechanism of how E. coli naturally uptakes extracellular DNA is still unknown. Therefore, we attempted to develop the ''natural competency'' of E. coli and to use the phospholipids, the component of the E. coli cell membrane, for transformation. The goal of this study was to understand the interaction with DNA and phospholipids of the outer membrane.
In this study, we choose phosphatidylethanolamine (PE), the major component of E. coli phospholipids, and used it for transformation. An E. coli PE (purchased from Avanti) stock solution (1 mg/ml) was prepared by dissolving the PE into the mixture of chloroform (74%) and methanol (26%). A 0.5 ml stock solution was dried by evaporator for 30 min and then dissolved in 0.2 ml of 8.4 mM HEPES buffer by sonicator at 80 C, and used for one experiment. Phosphatidylserine (PS, from egg yolk: Avanti) and phosphatidylcoline (PC, from bovine brain: Avanti) were prepared by the method described above and used as further natural phospholipids.
A 5 ml solution of E. coli HB101 was grown at 37 C for 3 h in LB medium and harvested by centrifugation at 3,500 rpm for 10 min. The cells were washed once with 5 ml of 10 mM HEPES buffer and harvested by centrifugation. The cells were resuspended in a 0.2 ml of phospholipids solution and 5 ml of plasmid DNA (1 mg) was added with 100 mM of CaCl 2 or MgCl 2 , if necessary. Both bivalent alkali cations at the same concentration effectively enhanced uptake of DNA in artificial liposomes in our previous study. 4) Plasmids, used in this paper, were 2.3 Kb of pHSG399 (chloramphenicol resistancy; Takara Shuzo) as a small plasmid and about 100 Kb of R6K (ampicillin resistancy; National Institute of Genetics) as a giant plasmid. The mixture was incubated for 1 h at room temperature and then added to 1 ml of LB medium. After incubation for 1 h at 37 C for gene expression, an appropriate dilution of the cells was inoculated on LB plates containing 20 mg/ml of chloramphenicol or 100 mg/ml of ampicillin and incubated at 37 C overnight. We counted the number of colonies that appeared. The results are shown in Table 1 . Plasmids pHSG399 and R6K were successfully transformed into E. coli by PE with MgCl 2 or CaCl 2 , and transformation efficiencies were 2{3 Â 10 4 and 2{3 Â 10 2 transformants/mg plasmid DNA respectively. We also tried to transform E. coli by Hanahan's method 5) as a control. Transformation efficiencies were 1:3 Â 10 6 (pHSG399) and 3:1 Â 10 3 (R6K) transformants/mg plasmid DNA respectively. No transformants appeared from the treatment with PE, MgCl 2 , or CaCl 2 individually. Essentially the same results as for pHSG399 were obtained using PS and PC, and R6K was not observed. These results suggest that natural phospholipids with MgCl 2 or CaCl 2 , especially E. coli PE, are an effective method to transform E. coli with y To whom correspondence should be addressed. Fax: +81-29-888-8525; E-mail: krsy@mx.ibaraki.ac.jp
To analyze the effect of divalent alkali cation with PE for the transformation of E. coli, fluorescence microscopic observation was performed. Figure 1 shows laser scanning microscopic images of plasmid pGEG . GL3 DNA 6) (12.5 kbp from Dr. O. Mazuda of the Kyoto Prefectural University of Medicine) was observed through excitation of YOYO-1 (509 nm). Liposome-DNA solutions were created by the same method as were used for the transformation. 4% of 2-mercaptoethanol (v/v) was added before fluorescence microscopic observation. Figure 1(a) shows plasmid DNA molecules stained by 70 nM of YOYO-1, where DNA was added to the solution after sonication of the PE liposome in the absence of Mg 2þ . DNA molecules occurred dispersedly. The concentration of MgCl 2 and CaCl 2 was 100 mM in all experiments. These experiments were repeated at least 5 times and it was confirmed that the transformants contained the plasmid by the alkali-lysis method 12) (data not shown).
micrograph of plasmid DNA together with PE, where DNA was added to the Mg 2þ solution containing PE at a final concentration of ½Mg 2þ ¼ 100 mM. These results show that DNA molecules form an assembly, because fluorescent intensities were enhanced ( Fig. 1(b  0 ) and 1(c 0 )). Perhaps DNA molecules form a multiple complex with Mg 2þ and PE, and Mg 2þ was essential to form these complexes.
Why was only PE effective for the transformation of giant plasmid? In the previous study, we reported that the potentiality of the large DNA assembly to transfect DNA into mammalian cells is 5 times higher than small DNA assembly. 7, 8) Many fatty acids which constitute PE of an E. coli are unsaturated fatty acids. A cone-type lipid like PE with an unsaturated fatty acid promotes the conversion from the membrane adsorption condition to the membrane fusion condition. 9) In other words, the cone-type lipid forms a film surface of which the curvature is high and unstable, since the size of the hydrophilic head is small. Then, PE liposome in which DNA is adsorbed by the bivalent cation interacts with an E. coli surface membrane by the bivalent cation, and this may promote membrane fusion or phagocytosis. Bivalent alkali cations, such as Mg 2þ and Ca 2þ , are bound to phospholipids and provide positive charges on them. 10) In the presence of Mg 2þ , DNA molecules interact with minute fragments of lipid assemblies.
4) The negatively charged DNA tends to attach to lipid molecules through the mediation of Mg 2þ . The outer membrane of E. coli consists of 4 kinds of phospholipids consisting of PE (75%), phosphatidylglycerol (19%), diphosphatidylglycerol (5%), and PS (1%) respectively. PE is a major component of phospholipids and is charged weakly negatively. Popular liposomes, used in transfection of mammalian cells, are cationic and bind to DNA to make stable cationic complexes, and it they fuse with the negatively charged cell membrane and merge into the cell. In our last study, we found that negatively charged DNA formed ternary complexes with phospholipid molecules and Mg 2þ . In the present study, we conclude that magnesium or calcium ions play a significant role in the interaction of DNA with phospholipids, which mimic the cell membrane. Recently, natural competent cells of E. coli have been reported in the food environment and it has been found that there is no correlation between transformation frequencies and concentrations of magnesium or calcium ions. 11) In conclusion, it has become clear that the complex of DNA with PE in the presence of Mg 2þ and Ca 2þ has the potential to induce transformation. Taken together with the above results, this suggests that these components, such as PE and bivalent cation, are of natural origin. It may be of value to extend such studies to the development of a transformation agent with higher effective potential.
